The discovery of cell cycle regulators has directed cell research into uncharted territory. In dividing cells, cell cycleassociated protein kinases, which are referred to as cyclindependent-kinases (Cdks), regulate proliferation, differentiation, senescence and apoptosis. In contrast, all Cdks in postmitotic neurons, with the notable exception of Cdk5, are silenced. Surprisingly, misregulation of Cdks occurs in neurons in a wide diversity of neurological disorders, including Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis. Ectopic expression of these proteins in neurons potently induces cell death with hallmarks of apoptosis. Deregulation of the unique, cell cycle-unrelated Cdk5 by its truncated co-activator, p25 and p29, contributes to neurodegeneration by altering the phosphorylation state of non-membrane-associated proteins and possibly through the induction of cell cycle proteins. On the other hand, cycling Cdks such as Cdk2, Cdk4 and Cdk6, initiate death pathways by derepressing E2F-1/Rb-dependent transcription at the neuronal G1/S checkpoint. Thus, Cdk5 and cycling Cdks may have little in common in the healthy CNS, but they likely conspire in leading neurons to their demise.
Introduction
Members of the Cyclin-dependent protein kinase (Cdk) family are small, serine/threonine kinases (30 ± 35 kDa), whose nine members share greater than 40% identity. With the exception of Cdk3 and Cdk5, they are activated by a cyclin regulatory subunit 1 ± 3 (see Figure 2A ). The Cdks are numbered in order of their discovery, starting with Cdk1 (p34cdc2) and extending at present to Cdk9. The`Cdk' designation does not imply that the biological functions of Cdks are limited to mitosis. The classical Cdks, excepting Cdk5 and Cdk9, are also involved in regulating cellular processes such as differentiation, senescence, and apoptosis through modification of gene transcription. 2 In proliferating cells, misregulation of Cdks is associated with tumor formation, whereas their disappearance/inhibition in neuronal precursors coincides with terminal differentiation. 4 Cdk5 is a unique member of the Cdk family. Although its cloning was based on sequence homology to the cell cycle kinase, Cdk1, Cdk5 does not play a critical role in cell cycle progression. 1 It is not activated by a cyclin, although it can bind one such protein. 5 The association of Cdk5 with one of its neuron-specific co-activators, p35 or p39, is required in processes such as neurite outgrowth, axonal migration, cortical lamination, control of cell adhesion, axonal transport, synaptic activity, neuronal adaptive changes and motor functions. 1 The prominent role of Cdk5 in the CNS stems from its unique co-activators and the broad spectrum of Cdk5-interacting molecules and substrates demonstrated by genetic studies in the mouse and fruitfly. Emerging evidence also points to a leading role for Cdk5 as well as other Cdks in neuronal apoptosis and degeneration. This review will focus on the basic mechanisms regulating the divergent roles of Cdks in the CNS and their common involvement in neuronal apoptosis and neurodegeneration.
dual-specificity phosphatase, Cdc25, results in the activation of Cdk1/cyclin B coinciding with the onset of mitosis. 10, 11 Finally, additional regulation by Cdk-inhibitory subunits (CKIs) such as p21 and p27 (in the case of Cdk2) inhibit activation of the Cdk/cyclin complex. 6 The regulation of Cdk5 differs markedly from that of the cell cycle Cdks, despite its high level of sequence homology with the other family members. Thus, the Thr14 and Tyr15 sites in Cdk5 are not phosphorylated by Wee1 in vitro, and cAbl catalyzes the stimulatory phosphorylation of Tyr15 in Cdk5.
12 Surprisingly, phosphorylation of Thr14 in Cdk5, Cdk1 and Cdk2 by a kinase from calf thymus gland inactivates the three enzymes. 13 The Ser159 residue in Cdk5 occupies a position equivalent to the Thr161 and Thr160 phosphorylation sites in the conserved T-loop of Cdk1 and Cdk2, respectively, and in vitro studies have suggested that Cdk5 undergoes stimulatory phosphorylation at this site by an unknown kinase, possibly casein kinase I. 6, 14 However, structural analysis of a complex between Cdk5 and p25, a truncated version of the p35 co-activator of Cdk5, indicated that phosphorylation of Ser159 would disrupt the association of Cdk5 with its co-activator. 15 In addition to its distinct phosphorylation-dependent regulation, Cdk5 is not regulated by CKI because of its association with p35. 16 However, a p35-binding protein that specifically inhibits the activation of Cdk5 has recently been reported. 17 
Phosphorylation sequence motif speci®city of Cdks
Cdk5 is a proline-directed kinase which preferentially phosphorylates the consensus sequence (S/T)PX(K/H/R), where S/T is a serine or threonine residue, P is the proline residue at position +1, X is any amino acid and K, H or R is a lysine, histidine or arginine residue, respectively. 1, 15 Cdk5 shows a marked preference for a basic residue at position +3. 18 The human neurofilament heavy chain (NF-H), a major cytoskeletal protein found in mature nerve cells, contains 35 KSPXK repeats and is therefore a much better Cdk5 substrate than the mouse or rat homologs which contain one-third as many such motifs. 19 The only Cdk family members showing phosphorylation sequence motif specificity identical to that exhibited by Cdk5 are Cdk1, Cdk2. Others members of the family preferentially phosphorylate the KSPXX motif.
Specificity in substrates recognition for mitotic Cdks is dictated by their association with cyclins subunits and by the cyclin-binding motif ZRXL and the LXCXE motif. 6, 20 While the ZRXL motif is found in cell cycle-associated proteins such as Cip/Kip CKI family, E2F-1 and pRb-related proteins p107, p130, the LXCXE motif is part of the cyclin protein. 6,20 ± 22 This motif is also found in pRb-associated proteins such as transcription factors and is likely to serve a targeting function. Therefore, substrates for mitotic Cdks are mainly cell cycle and transcription-related proteins. Conversely, Cdk5 specificity for substrate recognition is dictated by p35, p39 and by truncated forms of these coactivators (see below).
Cell cycle Cdks in the CNS and neurodegeneration
The levels of Cdks, cyclins and CKI in dividing cells are tightly controlled to allow smooth progression through the cell cycle. Conversely, the expression of cell cycle Cdks in the adult CNS is negligible since they do not play a significant role in mature neurons. As neurons differentiate, Cdk1 and Cdk2 are downregulated while Cdk5, p35 and p39 expression begins 4, 23, 24 (see Figure 1 ). Some studies report the presence of Figure 1 Activity of cycling Cdks and Cdk5 during neurodevelopment and neurodegeneration. There is an inverse relation between the activity and expression of cycling Cdks, such as p34cdc2 (Cdk1), and Cdk5 during neurodevelopment. The activity and expression of p34cdc2 decreases progressively as those of Cdk5 increase. At the adult stage, Cdk5 is the main Cdk to be found active in the CNS through association with its neuron-specific co-activators p35 and p39. Aging, stress and genetic factors induce the progressive cleavage of p35 into p25, resulting in an increased Cdk5 activity. In parallel, activity and expression of cycling Cdks also increase progressively. The conversion of p35 into p25 results in loss of the p35/Cdk5 complex and activity the CKIs, p19ink4d and p27kip, in mature neurons of the neocortex and hippocampus, suggesting a dormant cell cycle that potentially can be activated under appropriate circumstances. 25 Indeed, the expression of CKI in neurons correlates with their withdrawal from the cell cycle. 24, 26 A recent study reports a novel cyclin that may play an important role in dopamine signaling but, to date, no kinase has been found to be associated with this cyclin. 27 Other Cdk1-related kinases, named according to sequence homology in the PSTAIRE motif (residues 45 ± 51) found in Cdk1, Cdk2 and Cdk3, have also been cloned. These kinases are not considered to be members of the Cdk family since their cyclin partners remain to be identified. One of these kinases is PFTAIRE, which is found in the soma, nucleus and axon of some terminally differentiated neurons whose functions remain undefined. 28 Although there is some evidence that Cdk1-related kinases other than Cdk5 play a role in the CNS, it is unlikely that cycling Cdks are involved in the normal biology of mature nerve cells.
In contrast, there is a growing evidence for the involvement of cell cycle Cdks in neurodegenerative disorders and neuronal apoptosis. 29 ± 31 Induction of cycling Cdks occurs in vivo in mature adult neurons during focal stroke and kainate-induced excitotoxicity. 32, 33 It is also seen in primary neuronal cultures deprived of trophic factors or treated with DNA damaging agents, 3-nitroproprionic acid or b-amyloid peptide, the latter being a major toxic component in Alzheimer's disease (AD). 31, 34 The induction of proliferating Cdks in neurons is associated with their dedifferentiation and triggers neuronal death that can be rescued by the use of Cdk inhibitors or by expression of dominant negative forms of the kinases. 29, 31 Mouse models of neurological disorders also exhibit abnormal expression of cell cycle proteins in degenerating neurons. 30, 31 In proliferating cells, the resting phase (G0) of the cell cycle is followed by the first gap phase (G1) during which cells prepare for DNA replication in the ensuing S-phase. There follows a second gap phase (G2) which precedes the mitosis (M-phase) (see Figure 2A) . Phosphorylation of the retinoblastoma protein (Rb) by Cdk4, Cdk6 and Cdk2 leads to initiation of and progression through the cell cycle. 2 In contrast, phosphorylation of Rb by these Cdks in neurons induces apoptosis through the dissociation of Rb from the Rb/E2F-1 transcription repressive complex and subsequent E2F1-dependent expression of apoptotic proteins (see Figure 2B) . 29 This neurotoxic cell cycle event likely involves induction of the transcription factors B-and C-myb. 35 Similar cell cycle protein expression patterns are seen in neurons in simian and human immunodefficiency virus encephalitis and the changes correlate with increased levels of activated macrophages. 36 This suggests a close relationship between deregulation of cell cycle Cdks and inflammation during neurodegeneration (for a review on the role of inflammation in neurodegeneration, see ref. 37 ). As revealed in primary cortical neurons treated with bamyloid peptide, Rb phosphorylation by Cdk4/6 can cause an imbalance in the ratio between pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) members of Bcl-2 family, resulting in caspase-3 activation and apoptosis. 34 Alterations in the expression and cellular distribution of cell cycle proteins have been observed in post-mortem neurons from patients with AD, Down Syndrome, Pick's disease and Parkinson-ALS of Guam. 30, 31 For example, levels of the Cdk-activating tyrosine phosphatase cdc25 and the Cdk-activating kinase Cdk7/cyclin H (see above) are abnormally elevated in the brain of AD patients. 38 ± 40 Furthermore, aberrant expression of the M-phase regulator Cdc2/Cyclin B1 also occurs in degenerating neurons in AD. 30, 41 Direct evidence for DNA replication in AD was provided by a study showing that four separate loci on three different chromosomes were fully or partially replicated in hippocampal pyramidal and basal forebrain neurons. 42 Further evidence that activation of the cell cycle initiates neuronal death derives from the finding that unaffected regions of AD brain or hippocampus from nondemented age-matched controls exhibit no such anomalies. 42 Available information therefore indicates that disturbances in the biology of cell cycle regulators in neurons are likely to contribute to neurodegeneration.
Cdk5 in neurodevelopment
Cdk5 is currently the only functional Cdk found in healthy mature neurons of the CNS where it orchestrates multiple processes including membrane trafficking, transport and neurotransmission. In the developing CNS, Cdk5 plays a crucial role in axonal migration by modulating actin-based motility and cell adhesion. Cdk5 mediates these functions in association with its neuron-specific co-activators.
p35 and p39 are neuron-specific co-activators of Cdk5
Cyclin D1 binds to Cdk5 but is unable to activate the kinase. 5 The almost exclusive Cdk5 activity in the forebrain and spinal cord is regulated by two neuron-specific co-activators, p35 and p39. 23, 43, 44 These two proteins do not share significant sequence homology with cyclins, which are the prototypical activators of cell cycle Cdks such as Cdk1 and Cdk2. However, crystallographic studies indicate that p25, a calpain cleavage fragment of p35, can assume a conformation similar to the cyclin-box fold. 15 Homologs of p35 have been discovered in Xenopus, C. elegans and Saccharomyces cerevisiae, indicating that the protein has been conserved during evolution. Screening of a rat hippocampal cDNA library led to the discovery of one mammalian homolog, p39.
45 p39 shows 57% sequence identity with p35 and up to 65% identity with p25, which promotes the sustained activation of Cdk5 (see below). 45, 46 Recently, p29, a truncated form of p39, was also shown to hyperactivate Cdk5, although no in vivo cleavage product of p39 has been demonstrated to date 47 (see Figure 4 ). The finding that p35 null mice exhibited residual Cdk5 activity suggested that p39 was a co-activator of Cdk5 in vivo. 44, 48, 49 The absence of residual Cdk5 activity in p35/p39 double knockout mice indicates that p35 and p39 are the major, if not the only, Cdk5 activators in the CNS. 44, 48, 49 While Cdk5 is present in the CNS as well as in PNS structures such as dorsal root ganglia, in situ hybridization indicated a restricted expression of p35 in the developing CNS of mouse embryos as early as E10. 23,43,50 ± 52 Expression studies of E12 and E15 mouse brains revealed that there is no p35 in proliferating neuronal precursors but that it is expressed in postmitotic neurons of the developing cortex. 50 Indeed, the early stage of Cdk5 expression in differentiating neurons coincides with the disappearance of cell cycle Cdks. 4, 23, 24, 43, 50 In postnatal and adult rat brain, p35 is relatively abundant in most areas of the forebrain, including the neocortex and hippocampus.
23,43,50 ± 52 p39 mRNA is found in the developing and adult CNS, including the spinal cord, as well as in the PNS. 52 , Since the highest level of p39 expression in the CNS occurs postnatally, p39/ Cdk5 may mediate functions distinct from those involving p35/Cdk5 during neurodevelopment. Subcellular distribution studies indicate both distinct and overlapping features. 54, 55 Thus, p39 null mice do not display an overt phenotype whereas p35 null mice exhibit a neurological phenotype that cannot be corrected by p39, indicating that p35 can mask the lack of p39. 44, 48, 49 The association of p35/Cdk5 and p39/Cdk5 with the plasma membrane is directed by the myristoyl moiety linked to the N-terminal glycine of p35 and In proliferating cells, cell cycle Cdks and their associated cyclins are tightly regulated to account for the progression through the cell cycle. Cdk4 and Cdk6 in association with cyclin D1-3 are the main kinases that are involved in the early control of the G1/S checkpoint while Cdk2/cyclin E complex is involved in late stage of the G1/S checkpoint. In synergy with Cdk1, the Cdk2/cyclin A complex also mediates the S/G2 transition. In addition, Cdk1 in association with cyclin B allows the progression from the G2 phase to M-phase. Cyclin I, together with cyclin G (not shown) defines a novel cyclin family expressed in terminally differentiated tissues including brain, heart and muscle. The expression of cyclin I mRNA does not correlate directly to the cell cycle, suggesting that this cyclin functions independently of the cell cycle control. The kinases that associate with this cyclin remain undefined. It remains unclear whether Cdk7/cyclin H is important after the G0/G1 point. (B) At the G1/S checkpoint, phosphorylation of Rb by Cdk4 and Cdk6 leads to the disruption of the transcription repressive E2F-1/Rb complex, causing the inactivation of Rb and consequently promotes E2F-1-dependent transcription of proteins involved in cell cycle progression and differentiation. In contrast, in postmitotic neurons, cycling Cdks are silenced. However, they are re-expressed when neurons are subjected to various insults (excitotoxicity, DNA damages, oxidative stress, trophic deprivation). The phosphorylation of Rb by cycling Cdks in neurons can induce apoptosis through the dissociation of Rb from the Rb/E2F-1 transcription repressive complex and the subsequent E2F-1-dependent expression of apoptotic proteins such as p53 and Bax p39 46, 47, 55 and places limitations on the number of potential substrates accessible to Cdk5.
Neurite outgrowth, axonal migration and corticogenesis
Cellular mechanisms involving Cdk5 are essential for several neurodevelopmental processes. Inhibition of Cdk5 or expression of a dominant negative form of the kinase in cultured cortical and cerebellar neurons prevents neurite outgrowth whereas overexpression of p35/Cdk5 induces the formation of longer neurites, thereby indicating that Cdk5 is involved in neurite outgrowth. 5, 55 In axonal growth cones, p35/Cdk5 colocalizes with PAK1 and Rac, a member of the Rho family of small GTPase proteins. 55 Under these circumstances, p35/ Cdk5 phosphorylates PAK1 at threonine 212 in a Racdependent manner and down-regulates its kinase activity. 56 p35/Cdk5 can also be co-immunoprecipiated with cdc42 and phosphorylated PAK1 from preparations containing Golgi membrane. 57 Suppression of Cdk5 activity in developing neurons by antisense oligonucleotides or inhibitors abolishes the formation of membrane vesicles from the Golgi apparatus, indicating a role for Cdk5 in membrane trafficking during neurite outgrowth. 57 Since Rho family GTPases and PAK kinases modulate actin cytoskeleton dynamics and establishment of neuronal polarity, p35/Cdk5 may orchestrate the reorganization of actin in the growth cone and on Golgi membranes during neurite elongation.
Neurite outgrowth in cortical cultures can be enhanced by overexpression of c-Abl and is reduced by treating the cells with c-Abl antisense oligonucleotides. Cdk5 is phosphorylated at Tyr15 by c-Abl and this process is enhanced by Cables (Cdk5 and Abl enzyme substrate), which links Cdk5 to c-Abl. 12 This results in the dissociation of Cdk5 from the c-Abl/Cables complex and in stimulation of Cdk5 activity through its association with p35. 12 Unequivocal in vivo roles for p35/Cdk5 in neurite outgrowth and axonal migration were demonstrated by analysis of both p35-and Cdk5-null mice.
The mammalian brain is built in an inside-out manner because during migration earlier-differentiating cortical neurons are passed by neurons that differentiate later, giving rise to the typical six-layered structure of the cortex with earlier differentiating neurons occupying deeper cortical layers. 1 Analysis of p35-null mice by bromodeoxyuridine (BrDU)-labeling revealed that the overall cellular pattern in the cortex was inverted due to the inability of the more recently differentiated cohort of cortical neurons to migrate past their predecessors. 48, 49 The resulting loss of stratified cellular organization is evident at E15. In addition, Golgi staining revealed the absence of oriented apical dendrites in pyramidal neurons from p35-null mice, indicating the loss of neuronal polarity. 48, 49 This finding highlights that p35-deficient neurons have uncompleted their differentiation.
A more severe disruption of embryonic cortical layering is observed in mice lacking Cdk5 despite the kinase not being required for migration of neurons into layers I and VI. 58, 59 Cdk5-null mutant mice die in utero after E16.5, with the remainder dying at birth. 58 Lesions are observed only in the brain and spinal cord and chromatolytic changes such as a ballooned cell soma with eccentric nucleus are seen in motor neurons of these mice. 58 The lethality associated with Cdk5 gene deletion can be completely prevented by restricting overexpression of Cdk5 to neurons with the neuron-specific p35 promoter, indicating that Cdk5 is crucial for survival of developing neurons. 60 A study of Cdk5-deficient chimeric mice revealed that the kinase promotes survival in an autonomous manner. 61 The differences between Cdk5-and p35-null mice can be explained by assuming that p39 compensates for p35 in the latter case. While p39 knockout mice do not exhibit an overt phenotype, double p35/p39-null mice are identical to Cdk5-null mice. 44, 48, 49, 58 The cortical phenotypes of Cdk5-, p35-or p35/p39-null mice resemble a severe developmental disorder in humans, caused by a haploinsufficiency of the Lis1 product and referred to as type 1 lissencephaly.
62 Lis1-knockout mice are embryonic lethal while heterozygotes display neuronal migration defects, suggesting a dosage-dependent severity. 62 Lis1 is a WD repeat protein, which acts as a noncatalytic subunit of the platelet-activating factor, acetylhydrolase 1B (PAFAH1B). Lis1 also associates with cytoplasmic dynein and tubulin and regulates microtubule organization in vitro. 62, 63 Nudel, a novel Cdk5 substrate, binds Lis1 and inhibition of Cdk5 in developing neurons causes Nudel to accumulate in neurites and axons. 64 Cross-talk between the Lis1 and p35/Cdk5 pathways may impact on neuronal migration and axon growth either directly by regulating transport or indirectly through the control of nuclear translocation during migration. Indeed, NudF, a Lis1 homolog in Aspergillus nidulans, was identified as a mutation characterized by defective nuclear migration. 62, 63 The class III pou domain transcription factors, Brn-1 and Brn-2, are reported to control the initiation of radial migration by regulating p35 and p39 expression in migrating cortical neurons. Hence, double Brn-1/Brn-2 gene knockout mice exhibit cortical inversion. 65 In summary, Cdk5 promotes axonal migration by modulating cytoskeletal dynamics, transport and membrane trafficking.
Corticogenesis is intimately linked to cell adhesion
The proper migration of neurons during cortical development requires regulated cell adhesion processes. In the developing cerebral cortex, the binding of a secreted protein, Reelin, to lipoprotein receptors (VLDLr, ApoER2) is likely to control homotypic cell adhesion during neuronal migration, thereby allowing neurons/axons to sense and respond to extracellular cues for neuronal positioning in laminated brain regions such as the cerebral cortex, cerebellum and hippocampus. 66 Genetic and biochemical studies demonstrate that phosphorylation of the tyrosine kinase adaptor, Dab1, in response to Reelin signaling is a critical step in the release from cell adhesion required to allow migration. 66 Cross-talk between the p35/Cdk5 and Reelin/Dab1 pathways was suggested due to the similarities of Reeler mice (reelin deficient mice) and Scrambler/Yotari mice (Dab1 deficient mice) with p35-and Cdk5-null mice. While p35-null mice exhibit only mild abnormalities in the hippocampus and none in the cerebellum, double p35/reelin-null mice and double p35/cdk5-knockout mice show additional defects in neuronal migration involving Purkinje cells in the cerebellum and pyramidal neurons in the hippocampus. 67 These results indicated that there is a synergism between p35/Cdk5 and Reelin/Dab1 during cortical development. It is interesting to note that p35/Cdk5 can phosphorylate Dab1 in vitro and in vivo, independently of the Reelin signaling.
68 p35/Cdk5 is also associated with bcatenin and controls N-cadherin/b-catenin-mediated cell adhesion through phosphorylation of b-catenin. As revealed by aggregation assays, which provide a measure of NCadherin-mediated adhesion, a loss of Cdk5 activity, achieved by deletion of p35 or by use of a Cdk5 inhibitor, causes the formation of larger aggregations of cortical neurons. 69 The coordinated regulation of cell adhesion and p35/Cdk5-dependent migration is further indicated by the finding that activation of Cdk5 occurs following binding of laminin to the a 1 b 1 -integrin receptor during neurite outgrowth and by studies of p35-null mice showing defects in the fasciculation of several major axon tracts. 48, 49, 70 From this perspective, cortical defects triggered by deletion of the p35 gene may not be due exclusively to the inability to promote neuronal migration but may also be caused by a failure to efficiently regulate cell adhesion dynamics.
Cdk5 in the adult CNS: motor functions, plasticity and neurotransmission
In contrast to cell cycle Cdks, Cdk5 is a major component of mature neurons. The prominent roles played by Cdk5 in synaptic activity and in survival of terminally differentiated neurons involve a widespread panel of substrates.
1 For instance, DARPP-32 (dopamine and cAMP regulated phosphoprotein), is a Cdk5 substrate that plays a key role in the biology of medium spiny dopaminoceptive GABAergic neurons in the striatum, a nevralgic structure modulating voluntary motor movements and motivational behavior. 71, 72 Cdk5 phosphorylation of Thr 75 transforms DARPP-32 into an inhibitor of Protein Kinase A (PKA) whereas phosphorylation of Thr 34 by PKA, makes it a potent inhibitor of protein phosphatase-1 (PP-1). 71, 72 Furthermore, phosphorylation of protein phosphatase inhibitor-1 (PPI-1) by Cdk5 lowers the efficiency of PPI1phosphorylation by PKA. 71, 72 DARPP-32 and PPI-1 are thus bifunctional signal transduction elements which modulate PKA signaling in response to their phosphorylation by Cdk5. D1 and D2 dopamine receptors found on the GABAergic dopaminoceptive medium spiny neurons of the striatum regulate motor behavioral functions by initiating the mutual and antagonistic actions of Cdk5 and PKA through balancing of kinase and phosphatase activities. 71, 72 In the neo-striatum, activation of metabotropic glutamatergic receptors increases Cdk5 and casein kinase-1 activity, resulting in the phosphorylation of DARPP-32 at Thr 75 and Ser 137, respectively. 72 Kinase inhibitor studies on neostriatal slices indicate that casein kinase-1 may function upstream of Cdk5. 72, 73 PKA is not the only kinase whose activity is modulated by Cdk5. Indeed, Cdk5 inhibits JNK-3 by phosphorylation on Thr 131 and prevents neuronal apoptosis. 74 Moreover, Cdk5 can phosphorylate MAPK/Erk kinase-1 (MEK1) resulting in decreased extracellular regulated kinase (Erk) activity. 75 A version of MEK1 mutated at Thr286 is unresponsive to Cdk5, suggesting that this residue is a Cdk5 regulatory phosphorylation site. 75 Conversely, the MAPK pathway involving MEK1 and Erk also controls Cdk5 activity. Indeed, recent data suggest that an Erk-dependent induction of the transcription factor NGFI-A and its binding to the Egr (early growth response) sequence on the p35 promoter may contribute to upregulation of p35 expression following exposure to NGF. 76 The binding of Sp transcription factors to the GC-box of the p35 promoter likely acts in synergy with NGFI-A binding to increase neuronal expression of p35. 77 Induction of p35/Cdk5 by the transcription factor DeltaFosB has recently been shown to be a key event regulating nerve terminal events induced by chronic administration of cocaine, which inhibits the re-uptake of dopamine originating from the substantia nigra (Sn). 71, 72 Inhibition of Cdk5 in the Sn following chronic exposure to cocaine potentiates the cocaine-induced locomotor behavioral response, thereby providing compelling evidence that Cdk5 plays important roles in motor functions, behavior and the effects induced by cocaine. 71, 72 Interestingly, the latter cocaine-induced response is accompanied by a remodeling of dendritic spines. This effect can be abolished by injection of Cdk5 inhibitors into the striatum, indicating that the cytoskeleton participates in this process (Greengard and colleagues, 31st Annual Meeting in Neurosciences, San Diego, 2001). Other behavioral abnormalities such as reduced aggressiveness in males and nurturing deficits in females are seen in p35 null mice. 49 P35/Cdk5 is also required for associative learning. 78 The role of Cdk5 in neuronal adaptive changes, plasticity and neurotransmission is not limited to its effects on the neuronal cytoskeleton. Cdk5 also controls presynaptic function by phosphorylating Munc18, amphysin and synapsin I. 1 A role for p35/Cdk5 in synaptic transmission is further indicated by the observed susceptibility to seizures and lowered threshold for lethal seizure activity in p35-null mice and by the reported involvement of the kinase in downregulating P/Q-type voltage-dependent calcium channel activity. 49, 79 Phosphorylation of the regulatory subunit of retinal cGMP phosphodiesterase II by Cdk5 suggests a role for the kinase in modulating Gcoupled protein receptors during retinal cell neurotransmission. 80 Cdk5 also regulates neurotransmission and longterm potentiation by phosphorylating the NR2A subunit of NMDA receptors at Ser1232. 81 For a summary of pathways involving Cdk5, see Figure 3 .
Cdk5 in neurodegeneration
The involvement of Cdk5 in neurodegeneration has been suggested by reports of Cdk5 expression in cells undergoing apoptosis and by the presence of the kinase in neurofibrillary tangles. The latter consist of paired helical filaments (PHF) made up of hyperphosphorylated tau and hyperphosphorylated NFs, and are found in AD and Frontal Temporal Dementia-17 (FTD). 82, 83 The abnormal localization of Cdk5 is also found in canine motor neuron disease, Parkinson's disease as well as amyotrophic lateral sclerosis (ALS). 84 ± 86 The recent discovery that the truncated co-activators, p25 and p29, render Cdk5 neurotoxic and that p25 levels are elevated in AD brains and in a mouse model of amyotrophic lateral sclerosis (ALS) supports the notion that rigorous regulation of Cdk5 is crucial for neuronal survival.
1,46,87

Generation of p25/p29
The cdk5 co-activators p35 and p39 contain several Cdk5 phosphorylation consensus sites and a short proline-rich region in the N-terminal third of the protein, which corresponds to the cleavage site for generating p25 and p29. 46, 88 As detailed in a recent review by Dhavan and Tsai (2002) , the production of p25 and p29 in neurons correlates with exposure to agents that disrupt calcium homeostasis and is likely to involve calpain. 47, 89 P25 and p29, with half-lives of 1 ± 2 h, are much more stable than p35 and p39, which have half-lives of 20 ± 30 min, and their ability to associate with Cdk5 leads to sustained activation of the kinase. 46, 47 In contrast to p35 and p39, p25 and p29 lack the myristoylation sequence for membrane targeting and are therefore not associated with the plasma membrane 46, 47 (see Figure 4) . Consequently, p25 and p29 remove Cdk5 from its normal compartments with p25/Cdk5 being located mainly in the cell body and nucleus and p29/Cdk5 in the cell soma and proximal neurites. 46, 47 Seldom are the two complexes seen in distal neuritis and growth cones. The altered distribution of Cdk5 impacts on the selection of substrates for phosphorylation and on the viability of neurons (see Figure 4) .
The potential for conversion of p35 to p25 highlights the importance of factors affecting the stability of p35. Phosphorylation of p35 by Cdk5 reduces its stability, leading to its degradation by the proteasome system. 88 Proteasome inhibition may thus keep p35 levels high. When p35 is not phosphorylated by Cdk5, it can be converted to p25 by calpain. 46, 88 Proteasome blockade, as reported to occur in neurodegenerative disorders, may thus Figure 3 Signaling pathways controlled by Cdk5 in healthy neurons. Cdk5 is activated by c-Abl during neurite outgrowth via phosphorylation of Tyr 15. Then, in association with p35, the kinase orchestrates multiple neuronal functions including the migration of neurons. This process relies on the dynamics of cell adhesion and actin-based motility. While phosphorylation of b-catenin by Cdk5 modulates its interactions with Cadherins, Cdk5 can also activate in a Rac-dependent manner PAK1, a kinase intimately to the actin cytoskeleton (not illustrated). Cdk5 also controls neurotransmission by phosphorylation of VDCC and the NR2A subunit of NMDA receptors. Activation of p35/Cdk5 can occur following stimulation of metabotropic glutamate receptors or integrins receptors. In dopaminoceptive neurons of the neostriatum, effects mediated by Cdk5 can be antagonized by the activation of PKA through the D1 receptors. DARPP32 and PPI1 are the main targets for Cdk5 and PKA. Phosphorylation of DARPP32 at Thr 75 by Cdk5 makes it a potent inhibitor of PKA whereas phosphorylation of DARPP32 at Thr 34 by PKA transforms DARPP32 into a potent inhibitor of PP1. In addition, activation of Cdk5 and subsequent phosphorylation of DARPP-32 by Cdk5 at Thr-75 is stimulated by D2 receptor activation. Moreover, phosphorylation of PPI-1 at Ser 67 by Cdk5 lowers the affinity of PKA for PPI-1 and thereby, modulates the balance between PP1 and PKA effects, notably at the level of AMPA receptors. Finally, p35/Cdk5 is able to phosphorylate MEK1 and JNK-3 and thus, negatively regulate the activity of JNK-3 and ERK. Therefore, the activity of Cdk5 is closely linked to the activity of other proline-directed serine/threonine kinases make more p35 available for cleavage by calpain and thereby favor production of p25. 90 
Neurotoxicity of p25 in Alzheimer's disease and Amyotrophic Lateral Sclerosis
Studies have reported the accumulation of p25/Cdk5 in neurons of AD patients where it co-localizes with neurofibrillary tangles (NFT). 46 Expression of p25/Cdk5 in cultured cortical neurons induced hyperphosphorylation of tau, neurite retraction, cytoskeletal abnormalities and apoptosis. 46 The involvement of p25 in neurodegeneration is further supported by a study showing that overexpression of p25 in the CNS of transgenic mice caused hyperphosphorylation of tau and NFs, cytoskeletal disruption and behavioural deficits reminiscent of AD. 91 Moreover, transgenic mice that overexpress p25 under the PDGF promotor develop a motor neuron disease and paralysis reminiscent of ALS. 92 In contrast, there is no evidence of hyperphosphorylated tau in triply transgenic p35/Cdk5/tau mice despite the elevated Cdk5 activity, and tau as well as NF phosphorylation are not altered in p35/p39 double knockout mice. 44, 93 All of these results support a noxious role for p25/ Cdk5 but not for p35/Cdk5 in neurodegeneration.
Another pathological hallmark of AD is the presence of extracellular deposits of amyloid plaques composed of fibrillogenic amyloid b (Ab) peptides. Treatment of cultured cortical neurons with Ab peptide causes activation of calpain, production of p25, hyperphosphorylation of tau and ultimately, cell death. 46, 89 Inhibition of Cdk5 can partially prevent the neuronal apoptosis indicating that p25/Cdk5 is a player in Ab-induced neurotoxicity. 46, 89, 94 Although phosphorylation of JNK-3 by Cdk5 prevents neuronal apoptosis, JNK activation also appears to contribute to Ab toxicity independently of Cdk5. 74, 95 Increases in both the p25/p35 ratio and Cdk5 activity are also seen in the spinal cord of transgenic mice expressing a mutant form of superoxide dismutase (SOD)1 linked to familial ALS (SOD1 G37R ) (for a review on ALS, see 96 ). Such p25-dependent deregulation of Cdk5 is associated with hyperphosphorylation of cytoskeletal NF and tau proteins at Cdk5 sites known to be hyperphosphorylated in AD. 87 p25/ Cdk5 co-localizes with phosphorylated NF-H in cell bodies of motor neurons in (SOD1 G37R mice and NF-H can be coimmunoprecipitated with Cdk5. 87 The direct correlation between the presence of perikaryal accumulations of NF proteins in mutant SOD1 mice and lifespan extension in these mice, as well as the reduced phosphorylation of tau, supports the notion that Cdk5 participates in ALS pathogenesis. The perikaryal NF accumulations likely confer protection in SOD1 G37R mice by acting as a phosphorylation sink for deregulated Cdk5 activity, thereby reducing the aberrant hyperphosphorylation of other cellular substrates 87 (see Figure 6 ). New evidence for the involvement of Cdk5 in ALS pathogenesis is provided by a recent study reporting that Alternatively, a cell cycle signaling in neurons might induce transcription of pro-apoptotic proteins as well as proteins involved in the cleavage of p35 into p25. The anti-apoptotic/anti-inflammatory compound minocycline indirectly attenuates Cdk5 deregulation and thereby, might inhibit the upregulation and mislocalization of cell cycle Cdks. Alternatively, conversion of p35 into p25 may result in loss of p35/Cdk5 complex, a major regulator of neuronal survival and maintenance. This may also contribute to neurodegeneration treatment of mutant SOD1 mice with minocycline markedly abolishes the abnormal Cdk5 immunoreactivities in the nucleus, cell body and dendrites of motor neurons. 97 The protective effect is partially due to alleviation of the mitogenic action of p38 MAPK on activated microglia and on caspases activation. Cdk5 deregulation thus paralleled the inflammatory process leading to motor neuron degeneration in mutant SOD1 mice. Then, deregulation of both cell cycle Cdks and Cdk5 may be linked to inflammation.
As with p25, p29 can also effect a sustained activation of Cdk5, suggesting that it may also play a role in neurodegeneration. As mentioned above, p35 and p39 are expressed in distinct overlapping populations of neurons and neuronal compartments. For example, p39 is enriched in motor neurons of the spinal cord. 52 However, it is not known whether p29 contributes to the deregulation of Cdk5 associated with neurodegeneration in mutant SOD1 mice as well as in other neurological disorders associated with loss of spinal motor neurons.
Putative Cdk5 targets in neurodegeneration
A rigorous control of Cdk5 activity is essential for the maintenance and survival of neurons. The loss of Cdk5 or sustained association of the kinase with p25/p29 can trigger aberrant phosphorylation of substrates such as tau protein, which is noxious for neurons (for a summary, see Figure 4 ). Others substrates are potentially targets for p25/Cdk5 in neurodegeneration and ALS.
Nudel, a dynein interacting protein involved in the control of axonal transport, is a good substrate for p25/Cdk5.
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Lis1 and Nudel possess a coiled-coil domain and their functions could be intimately linked to the transport of the coiled-coil neuronal intermediate filaments (peripherin, alpha-internexin and NF triplets) by dyneins and kinesins, essential component of transport in motor neurons. Furthermore, the dynactin complex linked to dynein has been shown to bind at least one intermediate filament. 98, 99 The hyperphosphorylation of Nudel by p25/Cdk5 may destabilize Lis1/Nudel interactions and affects axonal transport mediated by dynein. Accumulations of neuronal intermediate filaments and dynein in axons, dendrites and cell bodies of degenerating neurons support the intriguing possibility (Nguyen, Smith, Julien and Tsai, unpublished observations). Concomitantly, a cleavage of p35 into p25 might result in a loss of p35/Cdk5. Thus, alterations in axonal transport might be caused by a loss of p35/Cdk5. Furthermore, since p35/cdk5 is crucial for neurotransmis- Figure 5 Deregulation of Cdk5: A general dysregulation of kinases? P35/Cdk5 has been shown to phosphorylate MEK1 and JNK-3 and thereby, negatively regulate the activity of JNK and ERK. Furthermore, p35/Cdk5 is able to antagonize the effects of PKA. Conversion of p35 into p25 simultaneously results in a loss of p35/Cdk5 complex and thereby, might lead to uncontrolled activity of JNK-3, ERK and PKA. This might lead to unbalance in signal transduction pathways controlled by these kinases. As a result, nudel, tau, NF proteins and other neuronal substrates including nuclear proteins are likely targets for JNK-3, ERK, and PKA. Potential alterations of gene transcription programs by p25/Cdk5 through Rb phosphorylation might receive the synergitic contribution of deregulated ERK and JNK3. Thus, the abnormal phosphorylation observed in neurodegenerative models where Cdk5 is deregulated might be caused by the synergistic contribution of different kinases sion, motor functions and neuronal survival, the loss of the complex might lead to electrophysiological defects and uncontrolled activation of ERK, JNK and PKA pathways. Thus, aberrant phosphorylation triggered by p25/Cdk5 is likely to be parallel to the abnormal phosphorylation of substrates mediated by deregulated ERK, JNK and PKA (see Figure 5) .
Although Bcl-2 phosphorylation plays a dual role in the regulation of apoptosis, inactivation of Bcl-2 through phosphorylation by p25/Cdk5 leads to the disruption of mitochondrial homeostasis and apoptosis, reported in many neurodegenerative disorders (Tsai and colleagues, 30th Annual Meeting in Neurosciences, New Orleans, 2000). On a different but related front, p35/Cdk5 complex has been shown to phosphorylate b-catenin and modulate b-catenin/ presenilin-1 interactions. 100 This interaction seems to be disrupted in Alzheimer's disease (AD). 101 Conversion of p35/Cdk5 complex into p25/Cdk5 complex may then alter the dynamics of binding of b-catenin to presenilin-1 and consequently affects the stability of b-catenin. Indeed, a strong degradation of b-catenin has been reported in Alzheimer's patients. 101 Such destabilization of b-catenin by mutant Presinilin in neuronal cells can trigger apoptosis by affecting transcription of survival genes. 101 Alternatively, the findings of p25/Cdk5 in the nucleus of degenerating neurons support the idea that deregulated Cdk5 can alter transcription programs during neuronal cell death. A largescale proteomics approach on Cdk5 substrates will be invaluable for the deep understanding of neurodegeneration.
A link between deregulation of Cdk5 and cell cycle activation in neurodegeneration
In dividing cells, part of gene transcription programs is mediated by classical Cdks. In neurons, a fine interplay exists between the expression of Cdk5, p35/p39, essential for the maintenance of the differentiated state, and the silencing of cell cycle proteins such as Cdc2. Indeed, during development, the expression of Cdk5 is inversely proportional to the expression and activity of cdc2 (see above and Figure 1) . SP transcription factors (SP1, SP3 and SP4) that bind GC-box on TATA-less promoters have been shown to control both cell cycle and differentiation processes. SP1 has been implicated in the control of cell-cycle-regulated genes such as thymidine kinase and may be regulated by members of the retinoblastoma family. 102 In contrast, SP4 is mainly found in the CNS suggesting an important role for this factor in neuronal expression. 102 Interestingly, during differentiation, expression of p35 is regulated by variations in ratio and levels of SP transcription factors whose, consequently control Cdk5 activity. 77 Alterations in expres- Figure 6 Perikaryal NF accumulations: A phosphorylation sink for deregulated Cdk5 in a mouse model of ALS. At early stages of the mutant SOD1-mediated disease, p35 is the main Cdk5 co-activator in motor neurons and the p35/Cdk5 complex is associated with peripheral membranes in those nerve cells. During aging and progression of disease, mutant SOD1 induce inflammation, oxidative stress and excitotoxicity. These pathogenic events promote the conversion of p35 into p25. As a result, p25/Cdk5 trigger aberrant phosphorylation of nuclear and cytosolic substrates such as tau and NF proteins causing neurite retraction and degeneration. Accumulations of NFs in perykarya may protect motor neurons by alleviating the detrimental phosphorylation of other neuronal substrates sion of neuronal genes by members of this transcription family can have a direct impact on the dedifferentiation of neurons and thereby, induce cell cycle proteins and neuronal death. The interplay between expression of Cdk5, p35 and p39 and regulation of cell cycle proteins such as Cdk1 that occurs during neuronal differentiation is disrupted in neurological disorders (see Figure 1) . Indeed, deregulation of Cdk5 in motor neurons of SOD1 G37R mice and forebain neurons of AD patients is associated with the upregulation of Cdk4 levels/activity and of cell cycle proteins (see above). Evidence that p25 mislocalizes Cdk5 to the nucleus together with data showing an association of Cdk5 with transcription factors and transcription factors-associated proteins such as c-Abl, Rb and MEF2, cyclin protein, suggests that Cdk5 may participate in transcription, including those of cell cycle proteins in degenerating neurons. The upregulation of nuclear Cdk4 in motor neurons of SOD1 G37R mice is alleviated by a transgene encoding human NF-H, which is a phosphorylation sink for deregulated Cdk5, resulting in alleviation of the disease (Nguyen et al., unpublished observations). These results suggest that the deregulation of Cdk5 lies upstream of Cdk4 activation in ALS and, perhaps, in other neurodegenerative pathways.
Concluding remarks
Although Cdk5 and cycling Cdks do not function concomitantly in the healthy adult CNS, there are numerous reports supporting their active co-participation in neurodegeneration. Cell cycle Cdks likely direct neurons to their demise by inducing transcription of cell cycle-related and pro-apoptotic genes whereas p25/Cdk5 promotes neurodegeneration through mechanisms that include aberrant phosphorylation of cytoskeletal proteins such as NFs, tau, and Nudel. It is also possible that the loss of p35/Cdk5 that accompanies the conversion of p35 to p25 may have a significant impact on neuronal processes involving p35/Cdk5. The possibility that deregulation of Cdk5 might also trigger cell cycle signaling in neurons suggests a synergistic action of Cdk family members in neurodegeneration. In animal models of ALS and in AD, Cdk5 is found in the nucleus. Small oscillations in Ca2+ concentration are sufficient to promote conversion of p35 to p25, thus causing misclocalization of Cdk5. This may result in direct regulation of cell cycle proteins by nuclear p25/Cdk5 in neurons and ensuing cell death.
The evident interaction between Cdk5 and cell cycle proteins must, however, be considered in the appropriate context because some studies point to the localization of p35/Cdk5 in the nucleus 103, 104 and the nuclear SET protein was shown to bind p35 but not p25 and thus modulate nuclear p35/Cdk5 activity. 105 Improved resolution of transcription complexes comprising elements of the dormant cell cycle machinery (Cdk, cyclin, CKI) and those involving Cdk5 and its co-activators (p25, p35, p29, p39) both inside the neuronal nucleus and in the cytoplasm should contribute to better define the interface between cycling and non-cycling members of this important family of kinases.
